Raman interactions in alkali vapours are used in applications such as atomic clocks, optical signal processing, generation of squeezed light and Raman quantum memories for temporal multiplexing. To achieve a strong interaction the alkali ensemble needs both a large optical depth and a high level of spin-polarisation. We implement a technique known as quenching using a molecular buffer gas which allows near-perfect spin-polarisation of over 99.5% in caesium vapour at high optical depths of up to ∼ 2 × 10 5 ; a factor of 4 higher than can be achieved without quenching. We use this system to explore efficient light storage with high gain in a GHz bandwidth Raman memory.
I. INTRODUCTION
The strong spin-orbit coupling in alkali vapours enables a broadband optical interface for spin coherence via Raman scattering. Optically dense alkali vapours can serve as a frequency reference for atomic clocks and magnetometry [1, 2] , a buffer in optical signal processing [3] , and in the quantum domain, provide a source of squeezed light via four-wave mixing [4, 5] or a medium for storing and synchronising photons, via the Raman-and DLCZ-type quantum memory protocols [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In each of these examples, the desired light-matter coupling is a collective effect, where the coupling strength scales favourably with the optical depth d, which is proportional to the atomic density.
Very high atomic densities can be achieved without complex atom trapping by heating a vapour cell, but in vapour cell systems the ability to spin-polarise the ensemble by optical pumping [16] is hampered by radiation trapping at high densities [17] . This problem is greatly mitigated in hollow waveguides, where there is only high optical depth in one dimension, but here high densities are challenging due to surface adsorption [18] . Here we show that introducing a molecular buffer gas into a vapour cell suppresses radiation trapping via collisional quenching and enables high quality spin-polarisation even at high temperatures. We use this system to demonstrate efficient light storage with very high and controllable gain, and these results demonstrate a route towards high efficiency storage of non-classical light.
II. OPTICAL PUMPING IN ALKALI VAPOURS
To enable strong Raman interactions, a high-density atomic ensemble needs to be prepared in a single ground state via optical pumping [16] . To initialise the ensemble in the ground state |1 (defined in Fig. 1(a) ), a strong pump beam resonant with the |3 ↔ |2 transition illuminates the ensemble. This excites atoms out of state |3 , which then decay via fluorescence back to the ground states. Atoms in |3 are continuously depleted and the atoms all accumulate in |1 after several cycles of excitation and decay.
However, when an atom decays down to one of the ground states by fluorescence, it emits a photon. Thus a background population of photons resonant with |1 ↔ |2 transition is established. This radiation can transfer an electron from |1 to |2 , which can then decay to |3 -the reverse of optical pumping. If the alkali vapour is optically thick these photons can be absorbed and re-emitted multiple times, and "un-pump" many atoms in the vapour (see Figure 1(b) ). This effect is known as radiation trapping and limits the spin-polarisation that can be achieved when the vapour has a sufficiently high optical depth in multiple dimensions [17] .
The effect that radiation trapping has on optical pumping of alkali vapours is characterised using the multiplicity factor M , which is the average number of times a photon is re-absorbed and emitted before it leaves the vapour. It can be shown that M increases exponentially in the number density of the vapour, which itself is exponential in temperature, and in a cylindrical bulk vapour cell M can exceed 100 for typical operational conditions [19] , as shown in Figure 1 (c).
In alkali vapour systems, a buffer gas is often added to the vapour to inhibit diffusion of the alkali atoms, and the choice of the species and pressure of the buffer gas plays a vital role in many experiments. To ensure high (c) Multiplicity factor (purple) and predicted spin-polarisation (green) for caesium atoms in 20 Torr of neon buffer gas, using equations given in [19] . The dashed green line is the predicted spin-polarisation if there is no radiation trapping.
spin-polarisation, it is crucial that the collisions between the alkali atoms and the buffer gas are spin-preserving and induce very low rates of population transfer between the ground states. The spin-relaxation rate of polarised alkali vapours in different buffer gases has been studied, and is found to be low in inert gases such as the noble gases and molecular nitrogen [20] . Another important consideration for the choice of buffer gas is the relative trade-off between the diffusion rate versus the induced pressure broadening. In this work, we choose a buffer gas which also enables a non-radiative energy transfer pathway from atoms in the excited state |2 to the buffer gas via collisional quenching. Our group previously used 20 Torr of neon as a buffer gas for Raman memory experiments as neon is spinpreserving and provides an appropriate trade-off between atomic diffusion and pressure broadening for our previous quantum memory experiments [14, 21] . Fig. 1(c) shows the numerical values for the multiplicity as a function of temperature for caesium (Cs) vapour with this choice of buffer gas. We can see that the radiation trapping effect becomes significant for T 70
• C, and this dramatically reduces the spin-polarisation at high temperatures. Here we investigate optical pumping in Cs vapour in an alternative buffer gas. If we can reduce radiation trapping and achieve high spin-polarisation at high temperatures, then we can increase the Raman interaction strength by operating at higher optical depths.
To suppress radiation trapping we introduce a mechanism whereby atoms decay from the excited state without fluorescence resonant with the |1 ↔ |2 transition. If a molecular buffer gas is introduced which has a mechanical degree of freedom close in energy to the atomic transition, alkali atoms in the excited state collide with the molecules and transfer their energy to the molecule, thereby decaying to the ground state without emitting resonant photons. This reduces the number of resonant fluorescent photons produced in the optical pumping process and therefore suppresses radiation trapping, in a process known as collisional quenching. Quenching by introduction of a molecular buffer gas is a common technique used to limit radiation trapping, for example in spin-exchange optical pumping [22] , but this is the first time, to our knowledge, that is has been applied in the context of light storage.
To investigate the effect of collisional quenching, we compare the spin-polarisation of Cs vapour with two different buffer gases: neon (Ne) and molecular nitrogen (N 2 ). The latter gas provides a pathway for quenching as vibrational transitions exist which are very close in energy to the optical transitions of Cs [16] .
We first measured the diffusion of Cs in the two buffer gases using the method described in [23] (see Supplementary Material). The results are given in Table I , and we find that the diffusion of Cs in N 2 is slower than in Ne at the same buffer gas pressure, and therefore for the case of a Raman memory, it is a viable buffer gas to ensure sufficient Raman The diffusion constants and pressure broadening coefficients for the two buffer gases considered. The diffusion parameters are extracted experimentally using the method presented in [23] , and the errors denote 95% confidence bounds. The pressure broadening coefficients are at a temperature of 313 K quoted from [24] . 2 S 1/2 F = 3 and 6 2 S 1/2 F = 4 correspond to |3 and |1 respectively in Figure 1 (a). The two lowest excited states, 6 2 P 1/2 and 6 2 P 3/2 , have lifetimes of 34.9ns and 30.5ns respectively. The hyperfine states of 6 2 P 3/2 are not resolved and we use the entire manifold as state |2 . We can optically pump the ensemble into |1 on either the D1 or D2 transition. All numerical values are taken from [25] , and the figure is not to scale. (b) Measured spin-polarisation of Cs in different buffer gases. The lines are to guide the eye and are not a fit to the data.
interaction times for light storage on timescales ∼ 1µs. The pressure broadening of the Cs transitions is twice as high in N 2 buffer gas compared to Ne (Table I ) and hence to ensure a fair comparison we investigate spin-polarisation in 20 Torr of Ne and with 10 Torr of N 2 .
The spin-polarisation of Cs vapour as a function of temperature is shown in Fig. 2(b) . A description of how the spin-polarisation of a vapour is measured is given in the supplementary information. We see high spin-polarisation of the ensemble at low temperatures in all buffer gases, and then a sharp decline with increasing temperature which is due to radiation trapping. However, for temperatures above 70
• C, the spin-polarisation is significantly higher in N 2 than in Ne due to the reduced radiation trapping in the molecular buffer gas. This demonstrates that collisional quenching is an effective way to enable spin-polarisation at very high temperatures.
We investigated optical pumping in N 2 buffer gas on different atomic transitions in Cs (the energy level structure is shown in 2(a)). The quenching cross-section, which quantifies the probability of a quenching collision occurring, is σ Q = 77Å 2 for the D1 line and σ Q = 69Å 2 for the D2 line [26] . Furthermore, the D1 excited state has a longer lifetime (34.9ns compared to 30.5ns) and therefore there is more time for a collision to occur while the atom is in the excited state. Quenching is therefore more efficient on the D1 transition as the rate of collisional quenching is higher. Figure 2 (b) shows significantly higher spin-polarisation at temperatures above 75
• C when the optical pumping light is tuned to the D1 atomic transition due to more efficient quenching. With 10 Torr of N 2 and by optically pumping on the D1 line we can now achieve spin-polarisations of over 99.5% up to 90
• C. Finally, we extract from our spin-polarisation measurements the optical depth, d, of the Cs vapour. Increasing the temperature from 70
• C to 90
• C equates to an increase of d from 5 × 10 4 to 2 × 10 5 . This increase of a factor of 4 is shown to significantly enhance Raman interactions. 
III. RAMAN MEMORY
The Raman memory protocol uses a Λ-level scheme to adiabatically transfer population between two ground states via an off-resonant stimulated Raman transition. We implement the memory in an ensemble of Cs atoms in the vapour phase, where the hyperfine states 6 2 S 1/2 F = 3 and F = 4 act as the storage state |3 and initial state |1 , separated by ∆ hf = 9.2 GHz, and the hyperfine manifold 6 2 P 3/2 is the excited state |2 , as shown in Figure 3 (a) [21] . The first step of the memory protocol is to spin-polarise the ensemble into the F = 4 ground state, |1 . Imperfect spin-polarisation decreases the memory efficiency due to the lower optical depth of the memory interaction optical transition which reduces the Raman interaction strength, and can also lead to adverse noise processes, such as spontaneous Raman noise, that will decrease the fidelity of the memory operation [15] .
The Raman memory interaction is mediated by a strong control pulse which drives a two-photon Raman transition from |1 → |3 . This adiabatically maps the signal modeŝ onto an excitation of the ground-state coherence of the ensemble, or spin-wave mode,b. The interaction is described by a beam-splitter Hamiltonian
with the coupling constant C s ∝ √ dγδΩ/∆, where d is the resonant optical depth and γ is the linewidth of the |1 ↔ |2 transition, Ω is the control field Rabi frequency, δ is the control field bandwidth, ∆ is the detuning from two-photon resonance [27] , and h.c. is the Hermitian conjugate. The signal is read out of the memory by applying a second control pulse which drives the reverse process, and this is a second beam splitter interaction with the same coupling strength C s . The total memory efficiency η is proportional to C 4 s , and hence scales with the square of the optical depth, d. Memory efficiencies of 21% for single photon input states and 29% for coherent states have been achieved with GHz bandwidths and µs storage times [14] . Here a neon buffer gas was used, and the Cs vapour temperature was 70
• C. As well as the beam splitter interaction, this system also supports four-wave mixing (FWM) due to the control field coupling to state |1 and driving spontaneous anti-Stokes scattering. This interaction is described by a two-modesqueezing Hamiltonian
which produces excitations in both the anti-Stokes mode,â, and the spin-wave,b, followed by the beam-splitter Hamiltonian. The anti-Stokes coupling constant is given by C a = C s ∆/∆ a , where the detuning of this interaction is ∆ a = ∆ + ∆ hf . In the far-off-resonant limit, ∆ ∆ hf , the magnitudes of the coupling strengths C s and C a are comparable. Four-wave mixing introduces gain into the system and can significantly enhance the amplitude of the retrieved pulse. Gain is always accompanied by noise [28] and we recently showed how this noise degrades the quantum features of single photons [14] , and how this can be suppressed for quantum light storage by operating the memory inside a low-finesse cavity [15] . However, operating the memory inside a cavity is much more complex experimentally and we use a non-cavity memory system as a test bed for investigating the high coupling regime, even though it is not suitable for single-photon storage.
We used the same memory setup as in previous demonstrations of the Raman memory [14] but with a higher operation temperature of up to 92
• C, which should enable significantly higher storage and retrieval efficiencies. The control and signal field pulses are both derived from a mode-locked, frequency-stabilised pulsed Titanium-Sapphire (Ti:Sa) laser which generates pulses with a central wavelength of ∼ 852nm and a spectral bandwidth of 1.2 GHz at a repetition rate of 80 MHz. Its exact central frequency is locked to be 15.2 GHz blue-detuned from the 6 2 S 1/2 (F = 3) → 6 2 P 3/2 transition. A Pockels cell is used to select the read-in and read-out pulses from this pulse train with a controllable separation time. The extinction ratio of the picked pulses after coupling into a single-mode fibre is approximately 40000:1. The beam is separated on a polarising beam splitter (PBS) and one arm passes through an electro-optic modulator (EOM) which is modulated at a frequency of 9.2 GHz to generate sidebands at ±9.2 GHz, one of which is used as the input signal for the memory. An etalon is used to filter the carrier frequency and the blue sideband leaving only the red modulated sideband at the required signal frequency. The input coherent state amplitude is |α| 2 ∼ 10 5 . The signal and control fields are overlapped spatially and temporally and focused to a beam waist of 140µm at the centre of a vapour cell. The vapour cell is inside a µ-metal shield to reduce the residual magnetic field by a factor of ∼ 10 3 and limit the dephasing of the ground-state coherence. We define the memory efficiency as the ratio of the pulse areas of the retrieved pulse and the input pulse. We measured the memory efficiency as a function of the control field Rabi frequency for different temperatures of the Cs ensemble, as shown in Figure 4 (a). For small control Rabi frequencies the memory efficiency increases quadratically with Ω, since the Raman coupling strength C s is proportional to √ d Ω ∆ . However, as Ω increases, the strong control field induces an AC Stark shift between states |2 and |3 , which perturbs the two-photon resonance condition and reduces the memory efficiency [27] . For each temperature this occurs at Ω ≈ 4 GHz for ∆ = 15.2 GHz, where the AC Stark shift becomes comparable to the spectral bandwidth of the pulse, and we see a decrease in memory efficiency at this point. However, at even higher Rabi frequencies we see that the memory efficiency increases dramatically, even above 100%, due to the FWM gain process. The average number of anti-Stokes photons produced is proportional to sinh 2 (C a /δ), where δ is the pulse bandwidth, and therefore at high control field Rabi frequency, the four-wave mixing process increases approximately exponentially in Ω and this gain interaction dominates and amplifies the input signal. We can see in Figure 4 (a) that the measured memory efficiency is significantly greater at higher temperatures. This increase is a direct consequence of the higher Raman coupling strength due to increased optical depth which was enabled by improving the spin-polarisation at higher temperatures.
We investigated operating the Raman memory further from resonance to reduce linear absorption of the signal and decrease the AC Stark shift, as shown in Figure 4(b) . The Raman interaction strength is proportional to 1/∆ 2 and therefore for small Rabi frequencies we see a higher memory efficiency when the detuning from resonance is smaller. However, the AC Stark shift ∆E is proportional to Ω 2 /∆, and therefore the memory efficiency reaches higher values when we operate further from resonance due to the suppression of the AC Stark shift. This shows an additional benefit of the increased Raman interaction strength: the increase in optical depth means that we can operate further from resonance while still maintaining strong Raman coupling and therefore mitigate the AC Stark effect and achieve higher memory efficiency.
To model these data we numerically solve the linearised Maxwell-Bloch equations in one dimension in the adiabatic limit [14] . This model assumes that the excited state can be adiabatically eliminated and that the population of the states remains constant throughout the interaction, as the size of the signal field is much smaller than the number of atoms in the ensemble. The model includes four-wave mixing gain and the AC Stark shift, and Figure 4 shows that it captures all features of the data.
The data in Figure 4 (c) show the memory efficiency when the ensemble temperature is 92
• C, and the storage efficiency increases up to 12000%. This demonstrates extremely strong amplification of the input signal of over 20dB due to the strong Raman interaction. This technique therefore has potential applications as an amplified delayline for optical signals in a room temperature system for optical signal processing applications. These results could also be applied to the generation of strongly-squeezed light via four-wave mixing in alkali vapours [5] . Adding a molecular buffer gas to increase the optical depth of a spin-polarised alkali vapour could enhance the Raman interaction strength and enable even higher two-mode squeezing.
Furthermore, these results can be applied to a cavity-enhanced Raman memory protocol where four-wave mixing noise can be effectively suppressed to allow low-noise storage of single photons [15, 29] . The dashed line in Figure 4 (c) shows the predicted memory efficiency if there is no four-wave mixing, and this gives an indication of the potential performance of this memory for quantum-level storage. We predict that the memory efficiency in the cavity-enhanced Raman memory presented in [15] would increase from 9.5% to 18.8% with the addition of a molecular buffer gas. The strong Raman coupling enabled by collisional quenching enhances the memory interaction strength and opens the route to achieving high-efficiency storage of single photons in the near future.
optically thick atom-filled cavity. Phys. Rev. A, 93(013858), 2016.
Supplementary Material

Spin Polarisation Measurements
We measured the spin-polarisation, P , of Cs vapour as a function of temperature with 20 Torr of Ne or 10 Torr of N 2 buffer gas. We recorded the transmission of a weak probe beam through the vapour as it scans in frequency across the D2 line (the atomic line structure of Cs is shown in Figure 2(a) ). When the optical pumping light is blocked we see the two pressure-and Doppler-broadened absorption profiles corresponding to the transitions from the F = 3 (|3 ) and F = 4 (|1 ) ground states, as shown in Fig. S1(a) . When the optical pumping beam is turned on we see significantly less absorption from transitions from the F = 3 state (Fig. S1(b) ) which demonstrates the transfer of population from F = 3 → F = 4 due to the optical pumping. The frequency scan is calibrated by also passing the probe through a room temperature Cs cell with no buffer gas in, in a saturated absorption spectroscopy setup to observe the Doppler-free absorption profile. The overall slope of the data is due to the feed forward mechanism of the ECDL probe beam, and is taken into account in the fit.
The absorption and dispersion of alkali vapours is well studied, for example in [30, 31] , and we can calculate the transmission of a probe beam by summing over the Voigt profile of each atomic transition. We fit the data numerically and extract the optical depth, d, of the vapour and the ratio of atoms in the two ground states, and Figure S1 shows a good fit to the data. The temperature of the vapour is also extracted from the Doppler-and pressure-broadening widths of the fit. 
Measurements of atomic diffusion
In order to investigate the optimal buffer gas species and pressure, the diffusion coefficients, D, of Cs in the presence of Ne and N 2 were measured at room temperature. We follow a method described in [23] , where a small central region of atoms in a vapour are optically pumped, and then we probe the entire vapour. The optically pumped atoms are transparent to the probe beam and therefore give rise to a region of decreased optical depth. We observe how the spatial distribution of this region of decreased optical depth varies over time and therefore can obtain information about the rate of diffusion of Cs atoms.
The pump and probe beam are derived from the same diode which is locked to the D2 absorption line and switched on and off using an acousto-optic modulator. The beams are orthogonally polarised and counterpropagating to separate waists, w, of the signal and control fields, normalised to the memory efficiency for a storage time of 12.5ns (η0). An exponential is fitted to the data as this is the decay we expect for diffusion-limited lifetime, and the lifetime, τ , is given as the 1/e point.
the intense pump and weak probe light. The probe pulse is short so as to not dynamically affect the populations whilst imaging. Due to the spatial asymmetries of the optical depth profile, a simple Gaussian approximation of the radial distribution is not sufficient and we consider the more general approach to analyse the diffusion of the pumped atoms presented in [23] .
The general diffusion equation is given by ∂φ(r, t) ∂t = D∇ 2 φ(r, t)
for a spatially and temporally constant diffusion coefficient, D.
Transforming to the spatial Fourier domain in the transverse coordinate ρ = xê x + yê y where γ 0 is explicitly added to account for additional relaxation mechanisms. The interpretation of the above is that components of the perturbed optical depth with a given "spatial frequency" decay exponentially with rate γ 0 + Dk 2 ⊥ . For a given pressure of each buffer gas, we therefore fit an exponential decay to spatial frequency components corresponding to lengthscales between the pixel size (k max ∼(1/0.0259) mm −1 ) and the probe beam size (k min ∼(1/10) mm −1 ). The decay constant, γ(k ⊥ ), of the amplitude of each element in the Fourier transformed image with a given wavenumber k ⊥ = k 2 x + k 2 y is obtained by fitting the time dependence for a given element to a decaying exponential. The extracted values are then fitted to a quadratic γ = γ 0 + Dk 2 ⊥ to yield the diffusion constant D for each buffer gas at a given pressure.
The diffusion properties in the presence of a given buffer gas can be characterised by the representative parameter D 0 [16] which is related to the diffusion constant D at a given pressure, p, by:
The extracted D 0 parameters using Eq. (4) are plotted in Fig. S2 (a) and given in Table I in the main text. The error bars are generated by performing the automated fitting routine independently over each quadrant of the image, and the fits have been constrained so as to pass through zero diffusion at "infinite pressure".
